T he primary treatment for rectal cancer is surgery. The overall five-year survival figures have slowly improved during the past decades, and currently approximately 50% of all patients with rectal cancer will survive (1). Approximately 20% of patients have already developed distant metastases or have a locally inoperable cancer at the time of diagnosis. The two main reasons for a fatal outcome in patients who undergo curative surgery are occult distant metastases not found at surgery and an often unacceptably high local recurrence rate. The average local recurrence rate reported from controlled trials worldwide is 29%. The majority of local recurrences are due to inappropriate surgery, with a positive circumferential margin, with microscopic tumour foci left behind (2, 3 Surgery for rectal cancer has resulted in unacceptably high local failure rates, and substantial morbidity and mortality. In an attempt to reduce the high frequency of local recurrence, perioperative radiotherapy has been used extensively, alone or in combination with chemotherapy. The local recurrence rate has been reduced dramatically with the use of radiotherapy, and provided that the dose is high enough and given preoperatively, the reduction rate has been about 50%. Despite that a higher dose is used in postoperative radiotherapy, the reduced recurrence rate is not that prominent. The reduced recurrence rate demonstrated after preoperative radiotherapy has a positive influence on survival, which has not been seen when radiotherapy is given postoperatively. However, when postoperative irradiation has been combined with chemotherapy, a survival benefit has been demonstrated. With modern radiation techniques, preoperative radiotherapy can be delivered without any substantial increase in postoperative mortality or morbidity, and a low rate of late toxicity, provided that the radiation technique is optimal. The main question is whether radiotherapy is necessary, provided that surgery is optimized. With standard surgery, the average local recurrence rate is 29% in all reported controlled trials. With optimal surgery, from institutional series, this figure is about 10%. Other questions to be answered are whether superfractionated or standard fractionation should be used in radiotherapy and exactly to whom it should be given.
in a correct way, some areas with microscopic tumour foci are not suitable for surgery due to increased morbidity but are small enough to be eradicated by radiotherapy. Therefore, the rationale for combining surgery and radiotherapy is that surgery removes the tumour bulk and radiotherapy eradicates tumour cells in the periphery.
The present review focuses on the efficacy of radiotherapy in reducing the local recurrence rate, improving survival and reducing adverse effects, both acute and late, and on the rationale of using radiotherapy provided that surgery is optimized. Another important topic is distinguishing the different treatment options for resectable (T1 to T3) and nonresectable (T4) tumours.
RADIOTHERAPY IN NONRESECTABLE
(T4) TUMOURS It is extremely important to diagnose nonresectable tumours preoperatively. The rationale for using radiotherapy in cases such as this is to shrink the tumour to such an extent that curative surgery is possible. It is, therefore, very important to identify this group of patients because, at surgery, it is too late to discover that the tumour should have had preoperative radiotherapy to become operable. In patients with a tumour that is considered nonresectable at diagnosis, preoperative radiotherapy treatment to a dose of 50 Gy, given with conventional fractionation (1.8 to 2.0 fractions), is recommended. There is no real controversy about this type of treatment. Most surgeons are aware of the beneficial effect of preoperative radiotherapy in this patient group with nonresectable tumours -but it is important to identify those patients. Experimental data indicate that radiotherapy is often combined with chemotherapy in this patient category (4, 5) . However, there are still very few evidence-based data supporting this combined treatment, although theoretically it is tempting to combine chemotherapy and radiotherapy. The only thing that is known for sure is that toxicity increases when chemotherapy is used (5, 6) . Therefore, there is an urgent need for trials exploring the hypothesis that chemoradiotherapy is better than radiotherapy alone in terms of resectability in the short term, and in terms of survival.
There is no real controversy about this type of treatment. It is more important to discuss adjuvant treatment.
ADJUVANT TREATMENT
The rationale for using radiotherapy in addition to surgery is the high local recurrence rate, which has been reported in numerous series worldwide. The reported rate ranges from less than 10% to more than 50% (7) (8) (9) (10) (11) . This substantial variation is difficult to explain, but factors such as patient selection and definition of radicality, as well as local recurrence, follow-up routines and skill of the surgeons, are well known. An interesting finding is that, in all controlled, randomized trials using adjuvant radiotherapy (pre-or postoperatively), the average local recurrence rate is 29%, with a range of 23% to 46% (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (Table 1) . Although this figure is very high, it reflects the real figure, because in randomized trials, all patients with a resected tumour were reported (R0, R1 and R2 resections), which actually is the actual situation. In reports with excellent results, often only patients with an R0 resection have been presented. Effect on local recurrence rate: As seen in Table 1 , where all trials have been compiled according to the dose intensity, there is a clear dose-response relation in the reduction of the local recurrence rate. This relation is most predominant in trials in which preoperative radiotherapy was used, where a higher dose increased the reduction of the local recurrence rate. As shown in Table 1 , which displays all controlled, randomized trials, when the same dose was used, the effect on the local recurrence rate was far better with preoperative radiotherapy than with postoperative radiotherapy. The question of timing -pre-or postoperative therapy -has been addressed in only one randomized trial in which patients were allocated to preoperative or postoperative radiotherapy (29, 30) . In that trial, the Uppsala trial, preoperative radiotherapy was superior to postoperative irradiation in reducing local recurrence rates. Thus, preoperative radiotherapy is more dose-effective than postoperative radiotherapy. This outcome is rather difficult to explain, but two important factors can contribute to this difference. First, radiotherapy needs oxygen to work, and in a preoperative setting, the tissue is well oxygenated. Second, the delay between surgery and postoperative radiotherapy is often more than four weeks in trials using postoperative radiotherapy, and most patients start the radiotherapy after six weeks. This delay probably enhances repopulation of tumour cells, resulting in a tumour burden that is too large to eradicate (31, 32) . Effect on survival: It is unlikely that radiotherapy to the pelvic region has any impact on occult metastases. However, the local recurrence is often the first recurrence of rectal cancer, and if the local recurrence rate could be better controlled with additional radiotherapy, an effect on survival would be possible. This has been shown in a study among surgeons, which demonstrated that surgeons who had a low local recurrence rate in their series of patients achieved better survival rates than surgeons who had a high local recurrence rate (33) . No trial with postoperative radiotherapy has shown an effect on survival, probably because the reduction in the local recurrence rate has not been high enough. After preoperative radiotherapy, on the other hand, an effect on cancer-specific survival has been shown in several trials using high dose radiotherapy (18, 19, 34, 35) . The largest trial of preoperative radiotherapy, the Swedish Rectal Cancer Trial (35) , not only showed an effect on cancer-specific survival, but also showed an effect on overall survival. In that trial, 48% of patients undergoing surgery alone were alive after five years compared with 58% in the group of patients who received preoperative radiotherapy and surgery.
Preoperative chemoradiotherapy has not been proven to achieve a better effect on survival, despite its theoretical advantages (4, 5) , because no trial has studied radiotherapy and chemotherapy in an adjuvant preoperative setting. However, there is strong evidence that postoperative radiotherapy combined with chemotherapy results in a survival benefit of almost the same magnitude as that with preoperative radiotherapy alone (25, (36) (37) (38) . The problem with combining radiotherapy and chemotherapy is the increased toxicity (6, 39) .
How to use additional radiotherapy is a matter of national preferences and tradition. In Scandinavia and the United Kingdom, as in many centres in Europe, preoperative radiotherapy is used, whereas in the United States and Canada, postoperative chemoradiotherapy is the recommended treatment (40) .
TOXICITY OF ADJUVANT RADIOTHERAPY
If adjuvant radiotherapy is recommended as the standard treatment, the important balance between the effect on tumour cell killing and the side effects of radiotherapy has to be considered. Radiotherapy has adverse effects in both the acute and subacute phases, which has been relatively well studied, but it also induces late toxicity, which has not been well explored. It is very important to evaluate late toxicity because it is long time survivors who experience this type of toxicity. Acute toxicity: Only preoperative radiotherapy could increase morbidity in the immediate postoperative period. Data from numerous trials have shown that there is an increase in perineal wound sepsis in patients having had preoperative radiotherapy and surgery with an abdominal perineal excision (19) (20) (21) 41) . However, in the same trials, no adverse effects of anastomotic healing were shown; experimental data indicate that radiotherapy does not affect anastomotic healing and that the anastomotic integrity after a low anterior resection does not seem to be influenced by preoperative radiotherapy (42) .
Data regarding compliance and acute tolerability indicate that preoperative radiotherapy is more tolerable than postoperative radiotherapy. This difference in acute toxicity was noticed in the only trial that compared preoperative and postoperative radiotherapy (43) . In the Adjuvant X-ray Infusion Study (AXIS), patients were randomly assigned to radiotherapy before surgery, but pre-or postoperative radiotherapy was optional (44) . In the group of patients who underwent preoperative radiotherapy, 96% received the intended treatment compared with only 56% of patients who underwent postoperative radiotherapy. This figure indicates that some patients who are eligible for radiotherapy do not receive the treatment if postoperative regimens are used.
A more important finding in the literature is of postoperative mortality. Two trials have demonstrated an increased risk of postoperative mortality after preoperative radiotherapy; this increased risk was predominantly seen in elderly patients and patients with generalized disease. In both of these trials, large target volumes were used (14, 45) . However, data from the Swedish Rectal Cancer Trial indicate that preoperative radiotherapy can be delivered without an increase in postoperative mortality, provided that radiotherapy is optimized (41) .
Another important finding from the Swedish trials is that of acute neurogenic pain, which has been noticed in the gluteal area and along the hamstrings. In some patients, this radiotherapy-induced neuropathy has led to the inability to walk and persistent pain (46) . This acute neuropathy has only been seen in patients in whom 5 Gy fractions were used. The exact mechanism of this pain is very unclear, but with hyperfractionated radiotherapy, it is even more important that radiotherapy be optimized. The dose used in the Swedish trial (five doses of 5 Gy during one week) is radiobiological; this treatment is rather odd but very cost effective and may be suboptimal (see below).
In the Dutch trial, in which total mesorectal excision (TME) surgery was mandatory, an increased risk of adverse side effects and postoperative mortality was seen. An interim report showed no increase in postoperative mortality after TME surgery and preoperative radiotherapy, but an increased infection rate among irradiated patients (47) . Data from the literature indicate that radiotherapy has to be optimized and that, with three-or four-field technique, there is no risk of postoperative mortality, whereas there is a substantial risk if a two-field technique is used, where a larger target volume is given to the patient (41). In the Swedish Rectal Cancer Trial, the method of giving radiotherapy was strictly described. The radiation technique used for patients from Stockholm who were included in the trial did not include appropriate lead blocking. Figures reported in the Stockholm II trial, which predominantly comprised patients from the Swedish Rectal Cancer Trial, showed a slight increase in postoperative mortality, which might be an effect of inappropriate lead blocking (48) . Late radiation-associated toxicity: Unfortunately, very little has been published regarding the relationship between late toxicity to adjuvant radiotherapy and rectal cancer. Most data are derived from the Swedish trials, where 25 Gy in one week has been used preoperatively. Trials that used the more common treatment in the United States -postoperative chemoradiotherapy to a total dose of 45 to 50 Gy -have not explored the late toxicity to the same extent. However, it is very important that the late adverse effects are reported after both preoperative and postoperative radiotherapy.
Intestinal obstruction: The risk of having a small bowel obstruction after surgery for rectal cancer is estimated to be 5% to 10%. If preoperative radiotherapy is used with an optimized technique, this incidence is not dramatically increased (30) . However, if a larger target volume is used or if postoperative radiotherapy is used, the risk is substantially increased (30, 48) . For postoperative radiotherapy, the increased risk of small bowel obstruction is rather easy to explain because small bowel loops can be stacked into the lesser pelvis after surgery and are thus situated in the target volume. Bowel function: It is easy to understand that bowel function after an anterior resection can be affected after postoperative radiotherapy because the distal part of the rectum is irradiated as well as the large bowel, which is anastomosed down to the rectal stump or anal canal. Moreover, there are parts of the small bowel that are irradiated both pre-and postoperatively, and this can cause slight damage to the intestinal mucosa, resulting in a high risk of more loose stool. There are some reports that patients with postoperative radiotherapy have experienced a clear change in bowel function in the long run (49, 50) . Data have also indicated that preoperative radiotherapy has similar effects on adverse effects and bowel function (51) , and in a questionnaire study from the Swedish Rectal Cancer Trial, bowel function was found to be impaired, despite that most of the irradiated part of the rectum had been removed at surgery (52) . One explanation may be that the sphincters were irradiated according to the protocol, and a clear recommendation is that, if preoperative radiotherapy is going to be used, the sphincters should be excluded if it is suitable in terms of appropriate cancer treatment. Damage to the pelvic organs: With radiotherapy to the pelvis, several organs are in danger of being damaged. However, very little has been reported about bladder damage due to adjuvant radiotherapy, and the risk of having adverse bladder function after pre-or postoperative radiotherapy appears to be small (48) . The Stockholm group reported an increased risk of pelvic fractures and fractures of the femoral neck (48) . Interestingly, according to the Stockholm protocol, no appropriate lead blocking was used, hindering radiotherapy to the femoral neck and sacrum; this is one probable explanation for why increased fractures were found in this group. A recent surveillance of adverse effects in the Swedish Rectal Cancer Trial has not found the same incidence of fractures, although the same dose has been used, but with a different radiation technique and appropriate lead blocking (Dahlberg, personal communication).
IS ADJUVANT RADIOTHERAPY NEEDED FOR THE TREATMENT OF RECTAL CANCER?
So far, all trials published with a control arm have reported a local average recurrence rate of rectal cancer of 29% ( Table 1 ), indicating that the surgical procedure was suboptimal. Recent data indicate that, if surgery is optimal and a good circumferential resection can be done (often a TME) the local recurrence rate is substantially decreased. Therefore, one can argue whether radiotherapy is really needed in patients who have optimal surgery. Only one trial has addressed this topic -the Dutch TME trial, in which surgeons had to be accredited as an appropriate TME surgeon. This trial was completed in January 2000. A total of 1861 patients were included in the randomized study, but no data regarding recurrence rate or survival are yet availPåhlman able. Data from single centre studies from Norway indicate that it is possible to reduce the local recurrence rate from approximately 30% to just under 10% if surgery is optimized (Myrvold, personal communication). If preoperative radiotherapy (25 Gy in one week) is used together with optimized surgery, it appears that the reduction in local recurrence rate is of even higher magnitude than has been seen in randomized trials. In the Stockholm area, in a population-based, nonrandomized study, the overall local recurrence rate was 5.6% after the introduction of TME surgery. The recurrence rates among patients having had preoperative radiotherapy or surgery alone were 2% and 10%, respectively, indicating that radiotherapy affects the local recurrence rate, even if surgery is optimized (53) . Data from Uppsala, Sweden revealed a recurrence rate of 3% when TME surgery was combined with preoperative radiotherapy (25 Gy in one week) (54) .
WHAT TYPE OF RADIOTHERAPY
SHOULD BE USED? Most data from the literature indicate that preoperative radiotherapy is more dose effective than postoperative radiotherapy (55) . Therefore, in Europe, preoperative radiotherapy is used. The main question is whether the Swedish radiotherapy schedules of five doses of 5 Gy during one week, with surgery the following week, or a more conventional radiotherapy, with 1.8 to 2 Gy fractions over a five-week period, should be used. No trial has compared those two treatment schedules, but the effect on local recurrence rates is probably the same. A more important question is whether adverse effects might be higher if five doses of 5 Gy were used. This question is addressed in a new Swedish trial. The choice of a one-week treatment instead of a five-week treatment is more a matter of economics because the one-week treatment is less resource demanding, and it must be up to each centre to choose the appropriate treatment.
Another important question is whether radiotherapy should be combined with chemotherapy. Again, there are no good data to support that chemoradiotherapy is superior to radiotherapy alone in an adjuvant setting. A European Organization for Research and Treatment of Cancer trial is currently testing this hypothesis. The patients receive preoperative radiotherapy with conventional fractionation but are randomly allocated to either receive or not receive concomitant chemotherapy. That trial evaluated efficacy as well as toxicity.
It has been claimed that the number of patients with preserved sphincters will increase if preoperative chemoradiotherapy is used (56); the rationale is that it is a more effective treatment, and if the interval from end of radiotherapy to surgery is prolonged, down-staging will increase the chance of preserving the sphincter. This has been studied in a French trial (57) in which all patients received chemoradiotherapy but were randomly assigned to have surgery immediately after irradiation or after six weeks. More patients had their sphincters preserved if surgery was delayed (76% versus 68%, respectively). However, the surgeons were asked before radiotherapy started whether they could perform an anterior resection. The overall recurrence rate was 9%, and in the group of patients having an anterior resection where a sphincter-preserving operation did not seem possible initially, the local recurrence rate was 12% (57) . The numbers were small in this trial, but the data must be taken seriously, and it might be dangerous to rely on the downstaging effect caused by preoperative chemoradiotherapy and change surgery from an abdominoperineal procedure to a sphincter-persevering operation.
CONCLUSIONS
Results from trials worldwide indicate that adjuvant preoperative radiotherapy is more dose effective than postoperative radiotherapy in terms of reducing the local recurrence rate. Only preoperative radiotherapy alone has shown a survival benefit, but postoperative radiotherapy has shown an effect on survival when combined with chemotherapy. Three main questions need to be answered. One question is regarding the type of radiotherapy -should the Swedish concept of five doses of 5 Gy for one week or the more traditional five-week period of radiotherapy be used. The other unsolved question is whether chemotherapy should be given concomitantly to radiotherapy. The third unanswered question is whether radiotherapy should be used if surgery is optimized. This is a very difficult question to answer. Ongoing trials might answer the question of whether there is a place for radiotherapy in all patients with rectal cancer or whether it should be used more selectively.
